Introduction
Gold nanoparticles (AuNPs) have been extensively used in biomedical applications owing to their biocompatibility, facile synthesis, easy surface functionalization and tuneable physical properties [1] [2] [3] . Their sizes and shapes can be varied for a particular biological application such as labelling, delivering, heating and sensing [2, 4] . Sizes of AuNPs depend on the nature of the reducing agent that reduces the gold precursor and the molar ratio of the reducing agent or stabilizer to gold precursor used during synthesis [5, 6] . Different shapes of AuNPs can generally be synthesized either using rigid templates such as porous alumina, polycarbonate membranes and carbon nanotubes or surfactants as soft templates [6] [7] [8] [9] [10] [11] [12] [13] . Surfactants, which are also known as capping agents, interact with different growing faces of the nanoparticles to confine their shape, whereas rigid templates act as a mould to constrain the area of the metal precursor reduction [14] . For the shape control of nanoparticles, using surfactants eliminates the tedious steps of rigid template preparation and dissolving the rigid template contents to release the prepared nanoparticles at the very end. The change in the size and shape of AuNPs affects their absorption maxima that can vary in the visible-near infrared (NIR) range. The colour of the nanoparticles also changes depending on the absorption maxima variations. This tuneability of the optical absorption facilitates various biomedical applications including, but not limited to, colorimetric detection assays for proteins [15] [16] [17] [18] , DNAs [18] [19] [20] [21] and cancer cells [22] that operate in the visible range; photothermal therapy [23] [24] [25] [26] [27] [28] , photoacoustic imaging (PAI) [29] [30] [31] [32] [33] [34] and heat-induced drug delivery [35] that operate in the NIR range.
2. Tuning the surface plasmon resonance band of plasmonic nanoparticles to near infrared range
The importance of near infrared range in biological applications
Nanoparticles that have significant absorption in the tissue optical window (600-1300 nm), which is also known as NIR, are promising sensing and & 2013 The Author(s) Published by the Royal Society. All rights reserved.
therapeutical agents for cancer cell treatments, because healthy tissues do not absorb at this spectral region [36] . Moreover, in longer wavelengths the scattering of the light is minimized. Thus, the combination of the minimal scattering and NIR absorption allows deep tissue penetration [4, 37, 38] . This penetration depth can be 1-10 cm depending on the tissue types [38, 39] .
The impact of surface plasmon resonance band on nanoparticle-based cancer cell applications
When AuNPs absorb light, the oscillating electromagnetic field of the light triggers polarization of the conduction band electrons on the surface of the nanoparticles, and the polarized electrons go through collective coherent oscillations with respect to the positive ions in the metallic lattice; these oscillations are called as surface plasmon oscillations (figure 1). Because surface plasmon oscillation has the same frequency as the incident light, it is also known as surface plasmon resonance (SPR; [38] ). SPR frequency highly depends on the size and shape of the nanoparticles, as it was indicated before for the absorption maxima. For spherical AuNPs, there is only one SPR frequency, around 520 nm in the visible region, which is responsible for the intense red colour of the spherical AuNPs. For gold nanorods (AuNRs), there are two SPR frequencies, known as the longitudinal and transverse bands (figure 1). The transverse band is for electron oscillations that take place along the transverse direction (figure 1) and is a weak absorption band in the visible region similar to the SPR frequency of the spherical AuNPs. The longitudinal band is related to the electron oscillations along the longitudinal direction (figure 1) and is a strong absorption band in the vis-NIR region [38, 40] .
The excited surface plasmon electrons relax in two different ways: they can either emit the light that has the same energy as the incident light, known as SPR scattering, or they can transfer the absorbed energy to the metallic lattice in the form of thermal energy. Subsequently, the hot lattice cools down by phonon -phonon interactions and the heat is transferred to the surrounding medium [4, 38, 40] . This forms the basis of all plasmonic nanoparticle-based photothermal therapy applications. Because the SPR band of nanoparticles contains both scattering and absorption components, tuning the shapes and sizes of the nanoparticles can change their scattering and absorption properties dramatically [41] . For example, when the aspect ratio of the AuNRs increases, the longitudinal band undergoes a red shift and whereas the scattering component increases, the absorption component of the longitudinal band decreases [42] . Therefore, for NIR-imaging applications, larger AuNRs that have high scattering efficiency are preferred, and for photothermal applications, smaller AuNRs that have high absorption efficiency are preferred.
Comparison of the near infrared-absorbing gold nanoparticles
The most commonly used NIR-absorbing AuNPs for cancer cell sensing and therapies are gold nanoshells (AuNSs), AuNRs and gold nanocages (AuNCs rsfs.royalsocietypublishing.org Interface Focus 3: 20130006 ascorbic acid. This leads to the addition of the gold atoms to the surface of the seed nanoparticles, resulting in the growth of nanorods. The role of the CTAB is that of shape templating surfactant. There are numerous hypotheses about the templating mechanism of CTAB in rod formation. In one of them, it is believed that CTAB is preferentially bound onto (110) or (100) faces of gold and it leaves the (111) face for the addition of gold atoms that results in the nanorod growth along the (100) face [46] . In the other mechanism, after ascorbic acid reduction of HAuCl 4 in the growth solution, AuCl 2 binds to CTAB to form the AuCl 2 -CTAB complex. This complex binds to the tip of the seed AuNPs at a faster rate than to side faces, so that it leads to nanorod growth [47] . The addition of AgNO 3 to the CTAB solution results in the immediate formation of AgBr. It has been claimed that Ag þ ions adsorb onto the surfaces of AuNPs in the form of AgBr, and Ag þ is reduced to Ag atoms on the side (110) face of the nanorods at a faster rate than on the (111) end face. This avoids addition of gold to the side faces and thus results in nanorod growth. The aspect ratio of the AuNRs can easily be tuned by either varying the amount of seed solution or the amount of AgNO 3 added to the growth solution.
Surface modification of gold nanorods
Besides their unique optical properties, in order for AuNRs to show their efficacy in cancer cell treatments, their surfaces should be modified to further stabilize them in biological fluids and to allow targeted cancer treatments. CTAB coating on the surface of AuNRs provides stability in their aqueous solutions, but it has been proved that in biological fluids, such as serum, CTAB-capped AuNRs can easily be precipitated. In order to avoid the precipitation and increase the circulation times of AuNRs in vivo, their surfaces are modified with polyethylene glycol (PEG; [43] ) After PEG modification, AuNRs exhibited a circulation time of 17 h, and they maintained their longitudinal SPR band during this circulation time [43] . PEG-protected AuNRs can also decrease nonspecific binding to the surfaces of AuNRs [48] [49] [50] . In order to PEGylate the surface of AuNRs, thiol (-SH)-modified PEGs are used to form covalent bonds between the sulfhydryl groups of PEG and the gold surface, which are also known as thiolate bonds.
Specificity against cancer cells can be achieved by tethering the affinity tags such as antibodies or aptamers on the AuNR surface for sensing and therapy applications. Antibodies can be adsorbed onto the AuNR surface by hydrophobic interactions with the polymer, polystyrene sulfonate (PSS) that had been previously adsorbed on the AuNR surfaces through electrostatic interactions [24] . Surfaces of the CTAB-capped AuNRs are positively charged, so the negatively charged PSS polymer can easily be adsorbed on the surface of AuNR via electrostatic interactions, followed by the adsorption of antibodies through the hydrophobic interactions with the PSS polymer.
As another affinity tag, aptamers are single-stranded oligonucleotides that bind to their specific target molecules, such as small bio-molecules and proteins, with affinities equal to those of antibodies. Aptamers have been generated by repeated rounds of in vitro selection with the Systematic Evolution of Ligands by EXponential enrichment (SELEX) method. Also, this method is further applied to cells to find cell-specific aptamers using the cell-SELEX method. Compared with other affinity tags, aptamers have many advantages, including small size, non-toxicity, relatively easy preparation and functionalization with no batch-to-batch variations and easy surface immobilization via their functional groups [51] [52] [53] [54] [55] . Thus, they can be easily functionalized simultaneously with (-SH) sulfhydryl groups and fluorescent dyes (fluorophores) to be tethered on the surface of AuNRs for both targeting and imaging purposes.
Cancer cell sensing with affinity tag-conjugated gold nanorods
Affinity tag-conjugated AuNRs make use of fluorescence, light scattering and PAI techniques in order to sense cancer cells. AuNRs are particularly preferred in these methods for followup in hyperthermia therapy of cancer cells. Representative studies are reviewed below.
Fluorescence imaging of cancer cells
Molecular recognition on specific cell surfaces plays a key role for diagnosis and therapy of cancer cells. The affinity tags responsible for molecular recognition in cancer cells, such as aptamers and antibodies, can sometimes have weak binding strengths towards their molecular target, also known as a biomarker, on cancer cells. This can diminish the signalling and binding affinity towards those targets. Therefore, instead of using single aptamers for molecular recognition, multiple aptamers can be conjugated on a scaffold nanoparticle to generate a multivalent binding platform, which can enhance the signalling and increase the possibility of binding. AuNRs are good scaffold candidates for [50] showed that by using the fluorescein-labelled multiple aptamers conjugated to AuNRs, the fluorescence intensity coming from the cell surface is enhanced more than 300-fold compared with those obtained from individual aptamers according to flow cytometric measurements. In this fluorescence signal amplification experiment, the KK1HO8 aptamer that has a weak binding affinity (K d 296 + 41 nM) towards K-562 cancer cells was chosen (figure 2). Thus, multiple aptamer-conjugated AuNRs can be a remedy for cases of cancer cells having low expression levels of biomarkers on the cell membrane as binding sites or having aptamers with weak binding affinities towards their binding sites on the cell membrane.
Light scattering imaging of cancer cells
As was discussed in §2.2, AuNRs can also be used as scattering contrast agents in dark-field imaging. Huang et al. used anti-epidermal growth factor receptor (anti-EGFR) monoclonal antibodies conjugated AuNRs to target two malignant oral epithelial cell lines (HSC and HOC) and a non-malignant epithelial cell line (HaCat) was chosen as a control [24] . Because EGFR is over-expressed on the cytoplasmic membrane of malignant cells, the antibodyconjugated AuNRs can bind to the malignant cell lines in a higher affinity compared with the non-malignant cell line.
After incubation with each cell line for 30 min at room temperature, the excess AuNRs are washed off. AuNRs that bind to malignant cell lines strongly scatter orange to red light detected by dark-field microcsopy owing to their strong longitudinal surface plasmon oscillation in the NIR region ( figure  3 ). This type of strong scattering can easily be distinguished from the non-malignant cell line. Because the non-malignant cell line also shows scattering as a background, in order to quantify the bound AuNRs on each cell type, absorption spectra of the cell samples incubated with antibody-conjugated AuNRs are taken, and the longitudinal band intensities of AuNRs are compared. The absorption intensities for the malignant cell line samples are two times higher than that for the non-malignant cell line. However, this is not a fair comparison of EGFR expression levels for malignant and non-malignant cell lines, because some of the AuNRs bind to non-malignant cell lines via non-specific interactions, possibly caused by hydrophobic interactions between the PSS on the AuNRs surface (see §3.2) and cell membrane. In spite of this non-specific binding, the cancer cell lines can still easily be distinguished from the noncancerous cells by the highly efficient scattering properties of AuNRs in the NIR region.
Photoacoustic imaging of cancer cells
The basic principle of PAI is detection of the sonic waves generated by thermo-elastic expansion of the heated tissue by laser treatment ( figure 4; [56] ). The sonic waves are detected by ultrasonic transducers and converted to electrical signals, followed by processing those electrical signals to form an image. PAI makes use of the high optical contrast of biological tissues. For example, because of the high optical absorption of haemoglobin (Hb), PAI can image blood vessels successfully [37] . Some in vivo studies showed that the ratio between the optical absorption contrasts of normal and tumour tissues in the breast can be as high as 1 : 3 in the NIR region owing to the greatly increased vascularity in the tumours [57] [58] [59] . Thus, in contrast to light scattering imaging, PAI requires the contrast agents to have high optical absorption. Owing to their large absorption cross sections in the NIR region ( § §2.2 and 2.3), AuNRs are good contrast agent candidates for PAI. The principal of PAI is very similar to the one for photothermal therapy, because heating of the target is involved in both, so it is highly possible to combine these two modalities [37] .
Because nanoparticle-based, targeted PAI of cancer is still rather a new technique, there are not so many examples to represent its potential, especially where aptamers are used as affinity tags. The in vivo PAI of human prostate cancer is achieved by antibody-conjugated AuNRs [32] . In this study, antibody-conjugated AuNRs are designed to have an absorption band in the range of 700 -840 nm to be optimal in vivo applications and a single layer of cells is monitored by PAI. In another in vivo study, AuNRs in different aspect ratios are conjugated to antibodies to specifically target human epidermal growth factor receptor 2 (HER2) and EGFR, which are over-expressed in OECMI and Cal 27 oral cancer cell lines, respectively. The aspect ratios of the AuNRs that are conjugated to HER2 or EGFR antibodies are tuned to have SPR bands of 785 and 1000 nm, respectively. These two probes are used to target HER2 or EGFR on both oral cancer cell lines, in vivo and in vitro, while switching the irradiation wavelength to either 800 or 1064 nm for PAI. By matching the irradiation wavelength with the SPR bands of the probes, the corresponding molecular targets for the oral cancer cell lines are successfully monitored by PAI. Even though both probes were not used in the same mice to detect the molecular signatures for the two different cells, by only switching the irradiation wavelength, this work can open new avenues for multiple biomarker detection on cancer cells or for determining heterogeneous population of cancer cells in a lesion [60] .
Cancer cell therapy with aptamer-conjugated gold nanorods
There are two main methods for administering cancer cell therapy via plasmonic nanoparticles. The first one being photothermal therapy via the heat generation induced by relaxation of the excited surface plasmon electrons, and the second one being the heat-induced drug delivery to cancer cells.
Photothermal therapy of cancer cells
Cells are highly sensitive to temperature variations, and temperatures above 428C can result in cell death. Hyperthermia is an anti-cancer therapy that aims to increase the temperature of the cancer cells above normal levels to cause cell death. Excessive heating can induce the denaturation of proteins or the disruption of organized biomolecular assemblies in the nucleus and cytoskeleton of the cells. In photothermal therapy, NIR lasers are involved for deep tissue penetration and thermal treatment of tumours. This type of therapy requires specificity against cancer cells, in order not to destroy the healthy cells and it also requires sufficient heat generation to kill the targeted cancer cell. Aptamer-conjugated AuNRs can satisfy both of these requirements with specificity provided by the aptamers and efficient heat generation provided by the AuNRs.
Huang et al. [26] from the Tan laboratory used aptamerconjugated AuNRs for selective photothermal therapy in a suspension cell mixture (figure 5). In this study, two cancer cell lines were chosen for the cell mixture: the CCRF-CEM cell line was chosen as a target and the NB-4 cell line was used as a control. The chosen sgc8c aptamer can bind to the membrane protein of the CCRF-CEM cell line, but it cannot bind to any molecular signature on the NB-4 cell line. Also, random DNA library is chosen to serve as a control, indicating the specificity against CCRF-CEM is only because of the sgc8c aptamer. After the sgc8c aptamer and random DNA library are immobilized on the surface of AuNRs (see §3.2), the two cell lines are incubated with the AuNR conjugates separately. After washing off the unbound AuNR conjugates from the cell solutions, the samples are exposed to a laser light of 808 nm at 600 mW for 5 min. Cell death is determined by PI dye staining and monitored by flow cytometry. While CEM cells labelled with sgc8c aptamerconjugated AuNRs show a cell death percentage of 93 (+11), the percentage of dead cells before and after laser irradiation remains the same for the NB-4 cell line ( figure 6 ). Also, the percentage of dead cells before and after illumination for the CEM cells incubated with random DNA-library-conjugated AuNRs remains almost the same (2% change). These show the high selectivity of aptamer-conjugated AuNRs against their target cells. Eventually, aptamer-conjugated AuNRs are incubated with a suspension cell mixture of NB-4 and CCRF-CEM cell lines. After NIR laser irradiation, 50 (+1)% of target (CEM) cells are damaged, whereas 87 (+1)% of control (NB-4) cells remain intact. These are promising results for future in vivo photothermal therapeutic applications, because it is demonstrated that aptamer-conjugated AuNRs are highly selective against the targeted cancer cells and are able to efficiently destroy the targeted cancer cells with minimal damage to the surrounding cells. in which the encapsulated Dox can be released. This transition depends on the melting temperatures of the linker DNA and the two complementary DNA segments (strand 1 and strand 2). In this case the melting temperature is in the range 35-418C, but it can be easily tuned by changing the number of hybridized base pairs in the linkage. According to flow cytometry tests, even though acrydite-modified sgc8c aptamers undergo a polymerization reaction, they can still specifically bind to their target cells (CCRF-CEM). Finally, the drug release of this system is tested by incubation of the target (CCRF-CEM) and control (RAMOS) cells with the Dox-loaded AuNR-based nanogel-sgc8c, followed by exposure to the laser (808 nm at 600 mW). Increasing the irradiation time up to 10 min results in a cell death percentage of 67(+5%) for CEM cells, while the percentage of dead cells remained almost the same (less than 10% change) for RAMOS cells. Also, the same experiment is done with the AuNRbased nanogel-sgc8c without any Dox loading, but the cell death percentage remains almost the same (less than 8% change) for CEM cells. This can indicate that there is minimal contribution from photothermal effect of AuNRs, but cell damage is mainly due to the drug delivery. This study can be inspiring for in vivo applications, where the targeted and controlled drug delivery is a big challenge owing to the side effects of the drugs. This system shows that combining the unique features of aptamers and nanoparticles may be a solution for the challenges encountered in real biological applications.
Heat-induced drug delivery to cancer cells

Conclusion
Simple changes to the size and shape of AuNPs can give rise to a variety of biomedical applications, because those changes also affect their optical/electronic properties. As reviewed in this paper, by tuning the aspect ratio of AuNRs, their optoelectronic properties can be changed to apply for the desired cancer treatment. However, intrinsic properties of AuNPs are not sufficient to solve the challenges encountered in cancer cell treatments, because without targeting the specific cancer cells, these unique properties will be left on the bench top. Thus, aptamers as targeting tags have an important role in cancer treatments. Currently, not all cancer types have their own aptamers, but in time more aptamers will definitely be selected, which can increase the diversity of cancer treatments. rsfs.royalsocietypublishing.org Interface Focus 3: 20130006
